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x Abstract 
Strontium titanate (SrTiO3) is a typical paraelectric material with a cubic perovskite 
structure. Ferroelectric order in SrTiO3 induced by structural transformations or external 
stimuli such as pressure or bending stress has attracted much attention because this 
material is expected to be useful in lead-free ferroelectric applications. This thesis is the 
first in a series of investigations to explore the possibility that a local ferroelectric order 
may be caused by external pressure or structural deformations in single crystals and thin 
films of pure SrTiO3. 
We measured the X-ray absorption spectra at the Ti K-edge of a SrTiO3 single crystal 
under uniaxial pressure were measured to investigate the uniaxial pressure-induced 
polarization predicted for SrTiO3 from an electronic viewpoint. We found that the 
pre-edge 3d eg peak decreases in intensity with increasing uniaxial pressure and shifts to 
the high energy. These changes were independent of the incident X-ray polarization, 
thus implying the presence of a mechanism to maintain the isotropic coordination 
environment around a Ti atom, e.g., a tilt and rotation of the TiO6 octahedron that 
accompanies its isotropic shrinkage. Hence, the local polarization essential to the 
creation of a ferroelectric order is not observed. 
By using X-ray spectroscopy, we also performed a microscopic investigation of 
flexoelectricity, which is defined as the spontaneous electronic polarization in a 
dielectric material induced by a strain gradient. We used a single-crystal sample of 
SrTiO3 as a test system to explore the appearance of an electric dipole moment caused 
by simple bending of the crystal. We did not observe the spectral changes in the Ti 
K-edge absorption spectra that are characteristic of a ferroelectric transition in SrTiO3. 
Instead, we observed a gradual decrease (increase) of the second peak (pre-edge 
structure) caused by bending. This can be qualitatively explained by theoretical 
  
calculations that assume the presence of oxygen vacancies and a slight distortion of the 
crystal. This assumption is also supported by the broadening of a tiny charge-transfer 
peak in the Ti Kβ resonant emission spectra. Therefore, we found that the flexoelectric 
effect in SrTiO3 is easily drowned out by local imperfections induced by crystal 
deformations and defects. 
By using thin films of SrTiO3 prepared by sputtering onto various substrates, we 
investigated local distortions of the films by using Ti K-edge X-ray absorption 
spectroscopy. In all the films that we studied, enhancements of the Ti 3d eg pre-edge 
peak due to the off-center displacements of the Ti ions, which indicate the potential for 
ferroelectricity, were observed. We also observed two minor changes in the spectra 
depending on the specific films being studied: (1) an enhancement of the main 
absorption edge and (2) a clear separation of the eg and t2g peaks. A simple model that 
simulates these features involves the coexistence of antiferrodistortive rotations of the 
TiO6 octahedra with local ferroelectric order caused by the off-centering of the Ti 
atoms. 
Through our experimental data and analysis, for the pure quantum paraelectric 
SrTiO3, the local ferroelectric order with the microscopic view was clarified from XAFS 
and RXES spectra. The SrTiO3 single crystals both under uniaxial and bending pressure 
are shown to be substantially free of FE transformation in local region. On the contrary, 
the sputtered SrTiO3 thin film is confirmed the character of local FE transition as the Ti 
off-center displacement is investigated as well as the AFD distortion. 
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1. Introduction 
1.1. Physical Properties of STO 
1.1.1. Basic Characteristics 
Perovskite-type oxides are some of the most fascinating materials in 
condensed-matter research, exhibiting such diverse properties as ferroelectricity, ionic 
conductivity, catalytic activity, and colossal magnetoresistance [1-4]. The 
perovskite-type oxide SrTiO3 (STO) is a prototypical member of this structural family. 
It is a typical perovskite paraelectric material having a high degree of cubic symmetry 
under ambient conditions (Figure 1-1). The crystal structure is cubic at room 
temperature, with space group Pm3m, and the lattice constant is 3.905 Å [5, 6]. The 
direct band-gap energy between the Ti 3d conduction band and the O 2p valence band is 
3.4 eV, and the indirect band gap is 3.2 eV. As a typical band insulator, the oxide 
semiconductor STO and its heterostructures have attracted much attention for 
energy-harvesting applications. For example, the efficiency of thermoelectric devices 
can be improved by tuning the band gap or electron mobility [7-10]. 
STO is also an important technological material due to its high chemical and thermal 
stability, high dielectric constant, and resistance to oxidation [11]. Generally, the 
dielectric properties of STO qualitatively resemble those of the paraelectric phase of 
typical perovskite ferroelectrics such as BaTiO3. In these materials, a soft transverse 
optical mode exists, the frequency of which tends to zero with decreasing temperature. 
This leads to an increase in the permittivity of STO when the material is cooled. 
However, in contrast to BaTiO3, STO is an incipient ferroelectric or a quantum 
paraelectric, which means that it does not undergo a ferroelectric transition [12, 13]. 
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This is attributed to quantum fluctuations in the material at low temperatures, which 
suppress the ferroelectric transition. In addition, STO is a fluorescent material that emits 
visible light under ultraviolet (UV) irradiation [14, 15]. For example, stoichiometric 
oxygen-deficient STO emits blue light at room temperature. 
 
Figure 1-1. Crystal structure of STO showing perfect cubic symmetry at 
room temperature. 
1.1.2. Splitting of the 3d Orbitals and p–d Hybridization 
Crystal-field theory can describe the bonding in metal complexes. In the case of STO, 
the degeneracy of the five d-orbitals is lifted by the octahedral field of the TiO6 complex. 
The 3d orbitals of the Ti ion under Oh symmetry are split into triply-degenerate t2g 
components and doubly-degenerate eg components by crystal-field splitting (Figure 1-2). 
The energy gap between the t2g and eg states is denoted by ᇞ= 10Dq and is called the 
“crystal-field splitting energy.” The eg orbitals (x2–y2, 3z2–r2) lie on the same axes as the 
negative charges and are affected most by the electrostatic interactions. In contrast, the 
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t2g orbitals (xy, yz, and zx) bisect the negative charges and are less affected (or stabilized) 
by the electrostatic interactions (Figure 1-3) [16]. 
The term “p–d hybridization” refers to a merging of the separate p and d atomic 
orbitals to form the same total number of hybrid orbitals [17, 18]. Previous research has 
demonstrated that ferroelectricity in BaTiO3 is sensitive to hybridization between the O 
2p orbital and the empty 3d orbital of the Ti ions [19]. Therefore, it is reasonable to 
assume that hybridization of the 3d orbitals of Ti with the 2p orbitals of O in STO may 
occur in a ferroelectric transition.  
 
Figure 1-2. Crystal-field splitting of 3d electronic orbitals under Oh 
symmetry. 
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Figure 1-3. 3d electron cloud distributions of the t2g (xy, yz, zx) and eg 
(3z2–r2, x2–y2) orbitals. 
1.1.3. Ferroelectric and Antiferrodistortive Phase Transitions 
STO is known to be an incipient paraelectric material. This means that it exhibits a 
ferroelectric (FE) instability that, due to quantum fluctuations, is too weak to manifest 
itself even at the lowest attainable temperatures. As a result, one of the most important 
phase transitions to be investigated in STO is the ferroelectric phase transition resulting 
from the polar displacement of Ti4+ and O2− against one another. STO shows many signs 
that it is approaching a ferroelectric state as the temperature is lowered toward 0 K. 
Pressure has been shown to stabilize a ferroelectric phase in STO above 0 K [20], as 
have chemical and even isotopic substitutions [21-23]. The most spectacular example is 
room-temperature ferroelectricity in STO films strained by a large biaxial tension [24]. 
In the temperature range below 105 K, STO enters into an antiferrodistortive (AFD) 
regime. This is a very important type of phase transition in STO, which involves small 
rotations of the TiO6 octahedra. In this case, the TiO6 octahedra rotate about one of the 
axes to cause a transformation from a cubic structure to a tetragonal structure. Alternate 
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layers of octahedra normal to the c-axis rotate in opposite directions. The structures 
associated with the AFD transition in STO are illustrated in Figure 1-4 [25]. 
 
Figure 1-4. The left-hand figure shows the structure of the standard 
cubic phase of STO, while the right-hand figure shows the rotations of 
the TiO6 octahedra (the AFD transition) associated with the FE phase 
transition in STO [25]. 
1.2. Electric Dipole Moments induced in STO 
STO is well known to be a nearly ferroelectric material in what is called a “quantum 
paraelectric” state. This means that dielectric polarization may arise owing to a number 
of conditions. The quantum paraelectric state is very sensitive to perturbations of the 
lattice. For this reason, a ferroelectric transition can be induced in STO in many ways 
such as adding small levels of impurities (doping), applying electric fields, irradiating 
with UV light, isotope substitution, subjecting to mechanical stress, and so on [26-28]. 
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1.2.1. Flexoelectricity 
In recent years, there has been increasing interest in investigating the 
electromechanical coupling termed “ﬂexoelectricity” (FxE) [29, 30]. This effect is 
defined as the presence of spontaneous polarization induced by a strain gradient. Unlike 
ferroelectricity, which is present only in non-centrosymmetric materials, FxE can exist 
in both non-centrosymmetric and centrosymmetric materials. This broadens the range of 
possible ﬂexoelectric materials. While FxE was originally proposed approximately 50 
years ago because the effect is relatively weak, only a few studies focusing on it have 
been performed during the previous century. Subsequently, based on macroscopic 
measurements, Ma and Cross reported that the value of the ﬂexoelectric coefficient can 
be on the order of μC m−1 [31]. In addition to experimental investigations, theoretical 
studies have led to an increased understanding of FxE, first from a phenomenological 
perspective and later by using first-principles calculations [32, 33]. The comparison 
between FxE and piezoeelecticity on definition and physical description is listed in the 
following Table 1-1: 
Table 1-1. The comparison between FxE and piezoeelecticity. 
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Zubko et al. have measured the dielectric polarization induced by bending in single 
crystals of STO [34]. All the components of the flexoelectric tensor can be determined 
from measurements of FxE. Figure 1-5 shows an experimental setup for flexoelectric 
measurements. A dynamical mechanical analyzer with an insulating quartz probe is used 
to induce oscillatory bending in a sample and measure its amplitude. As shown in 
Figure 1-6, the polarization induced by a static force, which distorts the local symmetry 
around a Ti atom, leads to the formation of dipole moments. All the components of the 
flexoelectric tensor were determined, and calculations based on these results indicate the 
existence of FxE. 
     
Figure 1-5. Experimental setup for flexoelectric measurements on a 
single crystal of STO [34]. 
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Figure 1-6. Temperature- and static-force-dependence of the 
flexoelectric current of a single crystal of STO [34]. 
 
1.2.2. Ferroelectric Transition under Uniaxial Force 
Figure 1-7 shows the ferroelectric/paraelectric phase diagram under uniaxial force. 
The temperature-stress curve was obtained by observing optical second-harmonic 
generation (SHG) [35], which is a sensitive indicator of centricity in crystals. This 
method enables a more accurate determination of the Curie temperature Tc than that 
obtained by observing the peak of the dielectric constant ε. Schneider et al [36]. have 
studied quantum-theoretically the properties of the phase transitions at Tc ≈ 0 caused by 
variations of parameters in a lattice-dynamical system. They showed that Tc can be 
expressed in terms of an interaction parameter S, which is a function of model 
parameters:  
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where Sc denotes the value of S corresponding to Tc = 0 K. Equation (1-1) applies in the 
quantum regime, which coincides with that of the experimental investigations using 
SHG. 
From the fluorescence spectra of Cr3+-doped STO, Tsujimi et al. [37] found that when 
uniaxial pressure was applied along the [010]c direction, the tetragonal c-axis became 
perpendicular to the [010]c direction in both the quantum paraelectric state and the 
quantum ferroelectric state (QFS). This means that two domains must appear in the 
quantum paraelectric state. Figure 1-8 shows the increase in the peak intensity of the 
transverse acoustic mode, which indicates that the spontaneous polarization is not 
parallel to the cubic a, b, c axes in the QFS [37]. 
Tsujimi et al. also found that the broad doublet loses its intensity upon approaching 
the QFS; the longitudinal acoustic mode softens slightly. These results imply that the 
pressure-induced QFS of STO may be similar to the temperature-induced QFS of 
SrTi18O3. 
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Figure 1-7. Temperature-uniaxial stress phase diagram for STO [35]. 
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Figure 1-8. Typical uniaxial pressure dependence of the Brillouin 
scattering spectra [37].  
1.2.3. Ferroelectric Transition in STO Thin Films 
In addition to bulk samples, thin films of STO are considered to be good candidates 
to undergo conversion into a ferroelectric phase over quite a wide temperature range 
through symmetry breaking.  
Quasi-amorphous phases of STO, deposited by radio frequency sputtering, have been 
shown to stabilize into noncrystalline polar phases that completely deviate from cubic 
symmetry (Figures 1-9 and 1-10). The formation and microscopic origins of the polarity 
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can be described by the theory of random networks of local bonding units theory 
describing the formation and microscopic origin of polarity (Figure 1-8 and 1-9). The 
discovery of quasi-amorphous materials has opened up a new direction for materials 
design, since the search for novel pyro- and piezoelectric solids is no longer limited to 
crystalline compounds with non-centrosymmetric symmetry [38, 39]. 
Strain, caused by the lattice mismatch between film and substrate, is inevitably 
generated during the formation of a film and is considered to be the main reason why 
the properties of thin films differ from those of bulk samples. As shown in Figure 1-11, 
an STO thin film grown by a heteroepitaxial process has a substantial influence on the 
establishment of FE order in a phase transition [40]. The lattice-mismatch strain can be 
divided into “compressive” and “tensile” categories, which dictate the distinct 
symmetry decrease and polarity order, respectively. 
 
Figure 1-9. Comparison of Ti K-edge XANES spectra of crystalline, 
amorphous, and quasi-amorphous STO [38]. 
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Figure 1-10. Magnitudes of the Fourier transforms of the k2-weighted 
EXAFS spectra of crystalline, amorphous, and quasi-amorphous STO 
[38]. 
 
Figure 1-11. Comparison of Ti K-edge spectra for cubic STO and for a 
five-monolayer (ML) STO thin film [40]. 
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1.3. The Outline of This Thesis 
1.3.1. Research Background 
Ferroelectric materials exhibit strong polarization under external stimuli and 
structural deformations, which are accompanied by technologically advantageous 
phenomena such as piezoelectricity, electrostriction, and flexoelectricity. Together with 
global symmetry breaking, these are the macroscopic effects that result from local 
ordering. Researchers have used various approaches to study the possibilities of 
ferroelectric-transition phenomena in STO, especially effects caused by external 
pressure or by introducing strain into thin films. For a long time, the research 
community focused on a macroscopic approach to the dielectric properties of this 
material. However, we expect that the investigation of local symmetry effects can lead 
to new physical insights into the ferroelectric phase transition and the role of 
microscopic distortions. The perovskite form of STO exhibits properties of 
high-temperature dielectrics that are considered to be promising candidates for lead-free 
ferroelectric applications. In this thesis, I explore symmetry-breaking in cubic 
perovskite STO caused by external pressure and structural deformations in order to 
understand better the mechanism of local structural distortion and to help accelerate 
progress towards applications in portable electronic devices.  
1.3.2. Research Purposes 
Two research questions are addressed in this work: First, is local ferroelectric order 
induced in a single crystal of STO under uniaxial pressure and bending deformation? 
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Second, how does the local structural picture change in a sputtered STO thin film using 
different substrates (MgO, LaAlO3, SiO2, and glass)? The purposes of the research are:  
(1) For STO samples under different external and internal conditions, to investigate 
the local electronic state around the Ti atoms using XAFS and RXES 
measurements.  
(2) To use the dependence of the eg peaks in XAFS and of charge-transfer excitation 
in RXES to indicate the displacement of the Ti ion from the center of the 
surrounding O ions in STO.  
(3) Finally, to employ analyses and calculations to reveal the mechanisms 
responsible for local ferroelectric order and lattice distortion. 
The purpose of this research is to explore solutions to make the pure STO from 
paraelectricity to the ferroelectricity at room temperature. This research plays an 
important role in both basis and application and illustrates the problem of basic physical 
properties, which points out the direction for exploration of next generation lead-free 
ferroelectric materials.  
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2. Experimental Techniques 
2.1. X-ray Spectroscopy 
2.1.1. X-ray Absorption Fine Structure Spectroscopy 
X-ray absorption fine structure spectroscopy (XAFS) refers to the details of X-ray 
absorption by an atom at energies near and above its core-level binding energies; it is 
the oscillatory structure in the X-ray absorption coefficient just above an X-ray 
absorption edge. This turns out to be a unique signature of a given material, and it 
depends on the detailed atomic structure and electronic and vibrational properties of the 
material. For this reason, XAFS is a very important probe of materials, revealing 
information about local atomic structure [41-43]. 
The left-hand panel of Figure 2-1 is a schematic diagram of an X-ray absorption 
spectrum (XAS). The several jumps in the absorption coefficient correspond to various 
absorption edges. In the right-hand panel of Figure 2-1, the K-edge XAS spectrum is 
divided into two regions: the X-ray absorption near-edge structure (XANES) and the 
region of extended X-ray absorption fine structure (EXAFS).  
Formally, the theory of XAS is based on Fermi’s golden rule: 
 
ߤ ן σหۃ߰௙ȁܪᇱȁ߰௝ۄห
ଶߜ൫ܧ௙ െ ܧ௜ െ ݄߱൯Ǥ                                             (2-1) 
The μ is transition probability of an electron. An atom is initially in its ground state 
²i\  with energy iE . When interacting with the electromagnetic field, the atom can 
absorb an X-ray photon of energy Z! and undergo a transition to a final state ²f\  
with energy fE = iE  + Z! . The photon energy promotes an electron from a core level 
to an unoccupied level (excitation) or to the continuum of free states (ionization). The 
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atomic final state is characterized by the presence of a core hole. 
XANES spectroscopy using synchrotron radiation is a well-established technique for 
providing information about the electronic, structural, and magnetic properties of matter. 
In XANES, a photon is absorbed and an electron is excited from a core state to an 
empty state. To excite an electron from a given core level, the photon energy must be 
equal to or higher than the binding energy of this core level. Thus, a new absorption 
channel opens each time the photon energy exceeds the binding energy of a level. The 
energy of an absorption edge therefore corresponds to the core-level energy, which is 
characteristic for each element, making XANES an element-selective technique. 
Conversely, EXAFS stands for “extended X-ray absorption fine structure” that is the 
region of the spectrum corresponding to energies above the XANES region (see Figure 
2-1[b]). The physical origin of EXAFS is electron scattering, which starts immediately 
past an absorption edge and extends up to about 1 keV above the edge. EXAFS is best 
thought of as a spectroscopically-detected scattering method, rather than as a more 
conventional spectroscopy. 
XAFS spectra can be measured in both transmission and fluorescence modes, which 
are illustrated in Figure 2-2. The transmission mode is the most straightforward; it 
simply involves measuring the X-ray flux both before and after the beam passes through 
a uniform sample. Absorption coefficient μ is directly observed using transmission 
measurements. The transmitted flux I is related to the incident flux I0 by the expression: 
 
ߤ ൌ  ቀூబூభቁ.                                                                 (2-2) 
In the fluorescence mode, one measures the incident flux I0 and the fluorescence 
X-rays I1 that are emitted following the X-ray absorption event (Figure 2-3). Usually, 
the fluorescence detector is placed in the horizontal plane at 90° to the incident beam, 
with the sample at an angle (usually 45°) with respect to the beam. The fluorescence 
yields of X-rays and of Auger electrons are proportional to the X-ray absorption 
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coefficient. For this reason, the XAS fluorescence spectrum is expressed as: 
ߤ ן ூభூబ.                                                                      (2-3)  
 
Figure 2-1. The left-hand panel is a schematic diagram of the 
dependence of X-ray absorption on incident photon energy. The 
right-hand panel shows a typical Ti K-edge XAS spectrum. 
 
Figure 2-2. Layout of the general setup for an XAS experiment. 
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Figure 2-3. Schematic diagram of XAS measurement in the fluorescence 
mode. 
2.1.2. Resonant X-ray Emission Spectroscopy 
The final state in XAS is an excited state with a lifetime τn. As soon as a core hole is 
established by an incident X-ray photon, an outer-shell electron will drop down to 
occupy it by emitting either a photon (radiative decay) or an electron (non-radiative 
decay). Recording the emitted X-rays by means of an instrument with an energy 
bandwidth on the order of the core-hole lifetime is called “X-ray emission spectroscopy” 
(XES). The decay of an XAS excited state back to the ground state is in most cases a 
cascade decay with several intermediate states. Because it is a photon-in/photon-out 
spectroscopy, XES may provide considerably more detailed information about the 
electronic structure than standard XAS, and the measurements can be performed even 
with the sample being under an external magnetic or electric field. 
If a core electron is resonantly excited to the absorption threshold by the incident 
photon (as in the process of X-ray absorption spectroscopy), the resulting emission 
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spectrum depends strongly on the energy of the incident-photon. We designate this type 
of XES as “resonant X-ray emission spectroscopy” (RXES). Here, we consider just the 
first decay and describe XES as a second-order optical process that includes RXES. 
This technique has recently come to the fore as a fine probe of the bulk electronic 
structures of solid; it relies on the resonant enhancement of excitations to specific 
intermediate states by a proper choice of the incident photon energy [44, 45]. Figure 2-4 
shows a schematic picture of a transition-metal K-edge RXES process. The absorption 
of an incident photon causes the dipole transition of an electron from the 1s orbital to 
the 4p orbital, leaving behind a 1s core hole (pathway [a] in the figure). In an 
intermediate state, a 3d electron interacts with the 1s core hole and the photoexcited 4p 
electron via Coulomb interactions, so that excitations in the 3d electron system are 
involved (pathway [b] in the figure). The 4p electron returns to the 1s orbital again 
(pathway [c] in the figure), and a photon is emitted, with the differences in energy and 
momentum between the incident and emitted photons transferred to the 3d electron 
system. 
Because the energy Z!  lost by the photon and transferred to the material is 
independent of the incoming photon energy kZ! , the set of RXES features appear as 
vertical lines in a plot of the transferred energy Z!  versus the incoming energy kZ! . 
This implies that when the incident photon energy is increased, the energy of the 
outgoing photons increases by the same amount. This is similar to Stokes phonon losses 
measured in optical Raman scattering. Using this analogy, one can refer to these 
energy-loss peaks as “resonant X-ray Raman features,” as shown in Figure 2-5. The 
Raman peaks in RXES spectra are mainly influenced by orbital hybridization among the 
constituent elements and reflect low-energy excitations in materials. (Excitations 
induced by the crystal fields and by charge transfer are described in the following 
subsection.) 
Charge transport in a condensed-matter system is determined by the energy of 
electrons moving from one site to another. The energy is associated with an electron 
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hopping from a ligand site to a metal site. We concentrate here on the Ti in STO, in 
which the Ti4+ ion of TiO6 is surrounded by the six nearest-neighbor O2– ions. The 
ground state configuration has a 3d0 electronic distribution. The introduction of external 
stimuli or dopants creates a d1L state, where L represents a ligand hole, with charge 
transferred from an oxygen atom, which couples with the 3d0 state via hybridization [19, 
46, 47]. Figure 2-6 shows that this causes a peak to appear on the lower-energy side of 
the elastic peak, with an energy separation ᇞǤ This peak is due to charge-transfer 
scattering and is simply called a “CT peak.” In this research, we measured the CT peak, 
focusing on its dependence on the bending of an STO single crystal. 
 
Figure 2-4. Schematic picture of a transition metal K-edge RXES 
process.  
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Figure 2-5. Schematic diagram of RXES measurements, which shows 
the Raman structure. 
 
Figure 2-6. Schematic RXES energy-level diagram of the 
charge-transfer process. 
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2.2. Synchrotron Radiation 
2.2.1. Basic information about Synchrotron Radiation 
Relativistic charged particles emit electromagnetic radiation whenever a force is 
applied to them, causing them to move along curved trajectories. This radiation is called 
“synchrotron radiation.” Today, electron storage rings are routinely employed to provide 
users with synchrotron radiation over a wide spectral range, from infrared to hard 
X-rays. Synchrotron radiation has extensive applications in determining material 
structures and properties in physics, chemistry, and biology, and even in disciplines such 
as archaeology and environmental science [48, 49]. The main properties of synchrotron 
radiation are the following: 
¾ High intensity 
¾ Very broad and continuous spectral range from infrared up to the hard X-ray 
region 
¾ Natural narrow angular collimation 
¾ High degree of polarization 
¾ Pulsed time structure 
¾ High brightness of the source due to the small cross-section of the electron 
beam and high degree of collimation of the radiation 
¾ Ultra-high vacuum environment and high beam stability 
¾ All properties can be quantitatively evaluated 
Three generations of synchrotron-radiation sources, emitting radiation with 
increasing quality, have been developed to date. With the advent of third-generation 
synchrotron facilities (see Figure 2-7), which are characterized by the use of insertion 
devices, particularly undulators, the brilliance available for researchers in the field of 
X-ray science has jumped by some four orders of magnitude. This enormous increase in 
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the number of X-ray photons in tightly focused bundles has revolutionized X-ray 
techniques, enabling the study of increasingly small structures over shorter and shorter 
timescales. 
 
Figure 2-7. Schematic of a third-generation synchrotron [48]. 
2.2.2. Undulator Beamline BL39XU at SPring-8 
SPring-8 is a large synchrotron-radiation facility, which delivers the most powerful 
synchrotron radiation currently available. The research conducted at SPring-8 includes 
nanotechnology, biotechnology, industrial applications, and so on. The name “SPring-8” 
is derived from “Super Photon ring-8 GeV,” with 8 GeV being the power output of the 
ring. The beam is extracted and run through undulators to produce synchrotron radiation 
with energies ranging from soft X-rays (300 eV) up to hard X-rays (300 keV) [50].  
Our Ti K-edge XAS and Ti Kβ RXES measurements were performed on the beamline 
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BL39XU at SPring-8, where various polarization states of X-rays can be used. By 
adjusting the diamond X-ray phase shifter installed in the beam line, one can easily 
obtain clockwise and counterclockwise circularly polarized light, horizontal and vertical 
linearly polarized light, and arbitrary elliptically polarized light. The energy range of 
X-rays available using a liquid nitrogen cooled Si (111) double-crystal monochromator 
is 5 to 38 keV (Si 111). A rhodium (Rh) evaporation mirror is used to remove high-order 
light, reducing its intensity to approximately 40% of the first-order light. A schematic 
view of BL39XU is shown in Figure 2-8, and the characteristic parameters of the X-rays 
available for measurements are listed in Table 2-1. Vertically polarized X-rays (parallel 
to the ac-plane), obtained using a 0.1-mm-thick diamond X-ray phase retarder, were 
irradiated onto the sample. The Ti K-edge XAS were obtained in the bulk sensitive 
ﬂuorescence mode with a silicon drift detector. The Ti Kβ RXES spectra were obtained 
using a spherical curved Ge (331) analyzer crystal and the 2D hybrid pixel array 
detector PILATUS [51]. The sample holder was placed in a vacuum chamber to prevent 
X-ray scattering by air. All measurements were performed at room temperature [52]. 
 
Figure 2-8. Beamline layout of BL39XU at SPring-8 [52]. 
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Table 2-1. X-rays available at sample in BL39XU at SPring-8 [52]. 
Energy Range 5Ң38 keV (Si 111)  
Energy Resolution ΔE/E 2 × 10-4 (Si 111)㸪1 × 10-4 (Si 220)  
Photon Number 5.3 × 1013 photons/s (Si 111)  
Beam Size (FWHM)  0.6 (V) × 0.6 (H) mm2 
High-order light  <1 × 10-4 
Linear polarization 99.9% 
Circular polarization >90% 
 
 
2.2.3. Undulator Beamline BL-9A at the Photon Factory 
The High Energy Accelerator Research Organization, KEK, is one of the world's 
leading accelerator-science research laboratories that uses high-energy particle beams 
and synchrotron light sources to probe the fundamental properties of matter. The Photon 
Factory (PF) is a dedicated synchrotron-radiation facility affiliated with the National 
Laboratory for High Energy Physics, KEK, Tsukuba Academic City, located 
approximately 60 km north-east of Tokyo. The accelerator complex consists of a 
2.5-GeV electron linear accelerator and a 2.5-GeV electron-storage ring, the PF, which 
usually stores 2.5-GeV electron beams in a multi-bunch operation. Parts of the 
scheduled operation are also performed in a single-bunch mode or in a relatively 
high-energy (3 GeV) operation with a top-up mode. Some beamlines have an undulator 
or a wiggler as insertion devices, which are utilized for experimental purposes [53]. 
Our Ti K-edge XAFS experiments were implemented at the high-intensity, 
low-energy XAFS beamline BL-9A of the Photon Factory (Figure 2-8) at the Institute of 
Materials Structure Science (KEK-PF), for which the X-ray energy was regulated using 
a Si (111) double-crystal monochromator to cover the photon energy range from 2.1 to 
15 keV. The X-ray specifications are listed in Table 2-2. In this study, all spectra were 
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obtained using a horizontal configuration at room temperature. The angular position of 
the monochromator crystals was calibrated using the Ti K-edge threshold at 4985.3 eV 
of a standard BaTiO3 powder. We measured the Ti K XAS for powder samples in the 
transmission mode using two ionization chambers for X-ray detection. The thin films 
were measured in the fluorescent mode using a 19-element silicon drift detector to avoid 
self-absorption effects (Figure 2-9) [54]. 
 
Figure 2-8. Beamline layout of BL-9A at the Photon Factory [54]. 
Table 2-2. X-rays available at sample in BL-9A at the Photon Factory 
[54]. 
Condition Si (111) focused 
Energy range 2.1–15 keV 
Energy resolution 䂴E = 2 eV, 䂴E/E = ca. 2 × 10-4 at 9 keV 
Photon flux ca. 4 x 1011 ph/s at 9 keV 
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Figure 2-9. Schematic view of the experimental setup of the end station 
of BL-9A at the Photon Factory.  
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3. Results and Discussion 
3.1. Ti K-edge XAS Measurements of STO under 
Uniaxial Pressure 
3.1.1. Experimental Setup and Configuration 
A 1-mm-thick STO (010) single crystal of 99.99% purity was purchased from Crystal 
Base Co., Ltd. The sample was cut into pieces 3 × 3 × 1 mm3 in size and set into a 
uniaxial pressure-load cell. Figure 3-1(a) shows an overview of the cell and (b) shows 
the experimental configuration during XAS measurements. The sample was sandwiched 
between a pair of beryllium-copper blocks, and uniaxial pressure was applied on the top 
ac-plane. The magnitude of the applied pressure was monitored using a strain gauge 
(CFLA-1-350-17, Tokyo Sokki Kenkyujo, Co. Ltd) attached to the beryllium-copper 
block instead of to the sample itself. During the experiment, the pressure range was 
maintained at 0.16–0.2 GPa, which is high enough to attain the transition pressure in the 
pressure-temperature phase diagram [35].  
The Ti K-edge XAS experiments were performed on the undulator beamline 
BL39XU at SPring-8. The spectra were measured in the fluorescence mode at 
temperatures below Ta=37K. Linearly polarized X-rays were incident on the (10ͳത) side 
of the sample. The full width at half maximum of the cross-section of the incident beam 
was 9.0 μm (horizontal) × 2.5 μm (vertical), which was much smaller than the surface 
area of the sample. The polarization vector Ehν was converted either to the direction 
parallel to the pressure axis (b-axis) or to the direction parallel to the (a + c)-axis in the 
pressurized plane by using a diamond phase retarder. The results of the Brillouin 
scattering experiment indicated that the dipole moment lies along the (a + c)-axis. If this 
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is the case, we can expect an enhancement of the Ti 3d-eg peak in the configuration with 
Ehνparallel to thea + c)-axis. 
 
Figure 3-1. Schematic of (a) the uniaxial pressure-load cell and (b) the 
experimental configuration for XAS measurements. 
3.1.2. Temperature Dependence of Ti K-edge XAS 
Measurements 
Figure 3-2 shows a typical Ti K-edge absorption spectrum for an STO single crystal 
measured under uniaxial pressure. The main peak originates from the Ti 1s-4p dipole 
transition, while the first two small peaks in the pre-edge region originate from the 
1s-3d quadrupole transition. These two peaks, eg and t2g, are crystal-field-split pairs of 
3d states [55]. The eg peak in particular directly reflects Ti-O orbital hybridization. In 
several Ti oxides with perovskite structures, including STO, the intensity of the eg peak 
is enhanced when a Ti atom is located at an off-center site of an oxygen octahedron [16, 
56, 57]. We thus focus on the change in the eg peak to probe the local polarization under 
uniaxial pressure. 
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Figure 3-2. Ti K-edge XAS of an STO single crystal. The pre-edge 
region is expanded in the inset. 
We first consider the temperature dependence of the eg peak intensity. Figure 3-3(a) 
shows the Ti K pre-edge absorption spectra in the configuration with Ehνparallel to the 
b-axis (out-of-plane polarization) under a pressure of 0.16 GPa. If a ferroelectric phase 
transition is induced by the uniaxial pressure, the eg peak intensity should be enhanced 
across Ta. At 0.16 GPa, we estimated a transition temperature of 11 K from the 
pressure-temperature phase diagram in Ref. [35]. However, contrary to our expectation, 
no marked change was observed around 11 K, as can be seen in the inset, which shows 
the eg peak intensity relative to the t2g peak intensity. These spectra were measured in 
the out-of-plane geometry in order to probe the existence of a local dipole moment 
along the [010]cubic direction (b-axis direction). We concluded that no additional dipole 
moment was induced along the [010]cubic direction. 
The spectra measured under another polarization geometry, with Ehνparallel to the (a 
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+ c)-axis, are shown in Figure 3-3(b). This configuration is sensitive to a dipole moment 
along the [10ͳത]cubic direction ([a + c]-axis direction) which was predicted. However, 
these spectra, too, do not show any enhancement of the eg peak across Ta. Although the 
eg/t2g intensity ratio shown in the inset does exhibit an enhancement of the eg peak at Ta, 
a stepwise enhancement at Ta should have been expected. There exists a notable 
difference in the ratios of the two pre-edge peaks between Figures 3-3(a) and (b). This 
originates from the angles between the Ti 3d orbitals and the polarization vector of the 
incident X-rays, and therefore it does not prove the existence of a local dipole moment 
under uniaxial pressure. From the absence of enhancement of the eg peak across Ta, we 
can also conclude that uniaxial pressure does not displace the Ti atom from the body 
center of a TiO6 octahedron. That is, no local dipole moment is induced in STO through 
the application of uniaxial pressure. 
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Figure 3-3. Ti K pre-edge XAS measured under a uniaxial pressure of 
0.16 GPa. Each spectrum was measured in (a) the Ehν ɶ b-axis 
configuration and (b) the Ehνɶa + c)-axis configuration. Each inset 
shows the temperature dependence of the intensity ratio of the eg and t2g 
peaks. Dashed lines are guides to the eye. 
3.1.4. Pressure Dependence of Ti K-edge XAS Measurements 
The pressure dependence of the spectra measured in the out-of-plane polarization 
geometry is shown in Figure 3-4(a); color differences correspond to different pressures. 
Lines with circles indicate spectra measured at room temperature. By comparing the 
spectra measured at room temperature with those obtained at low temperatures, it is 
clearly observed that the eg peak decreases in intensity with decreasing temperature. At 
low temperatures, we also observed a reduction in the eg peak intensity caused by 
pressure, together with an energy shift of the peak position. The reduction in the eg peak 
intensity with decreasing temperature competes against the enhancement of the dipole 
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moment caused by the off-centering of the Ti atom. Again, no trace of enhancement can 
be seen in the inset, which shows the eg/t2g intensity ratio as a function of pressure.  
The eg peak energy was 4969.40 eV under ambient pressure, and the peak shifts were 
determined to be 0.16 eV and 0.14 eV under pressures of 0.16 GPa and 0.2 GPa, 
respectively. In contrast, only a slight shift of the t2g peak was observed, as determined 
from the Lorentzian fitting of the spectra shown in the lower part of Figure 3-4(a). As a 
consequence, the energy gap between the eg and t2g peaks increased with pressure. 
Similar changes can be seen in the spectra under the polarization geometry with Ehν 
parallel to the (a + c)-axis, as shown in Figure 3-4(b). These peak shifts cannot be 
explained by the anisotropic change in the crystal field that we expect to be induced by 
uniaxial pressure; if the Ti-O distances along the pressure axis of the [010]cubic direction 
alone are reduced, the spectra under the two polarization geometries must show 
differences in the changes of the eg peak intensity. In our study, however, there was no 
difference between the two polarization geometries. We thus conclude that under 
uniaxial pressure at low temperatures, the environment around a Ti atom retains its 
equivalence, at least between the [010]cubic and [101]cubic directions.  
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Figure 3-4. Pressure dependence of the Ti K pre-edge XAS. Each 
spectrum was measured in (a) the configuration with Ehνparallel to the
Eaxis and (b) the configuration with Ehνparallel to the(a + c)-axis 
configuration. The bottom half of figure 3-4 (a) shows the result of fitting 
Lorentzians plus a suitable background slope. Each inset shows the 
pressure dependence of the intensity ratio of the eg and t2g peaks. 
Dashed lines are guides to the eye.  
3.1.4. Analysis of Local Ferroelectric Order in STO 
We propose the following as the mechanism responsible for retaining the equivalence 
between the coordination environment along the in-plane and out-of-plane directions: 
the Ti-O bonds shrink equally in both directions under uniaxial pressure, accompanied 
by a tilt and rotation of the TiO6 octahedra (Figure 3-5), resulting in a reduction of the eg 
peak intensity and a peak shift. In order to evaluate the lattice shrinkage, we performed 
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a naive estimate based on crystal-field theory. From this calculation, we found the 
shrinkage of the lattice constant to be ∆a/a = -0.8% at 0.16 GPa. This value is 
qualitatively reasonable, even though the enhancement of p–d hybridization and the 
deformation from the pseudo-cubic structure are not taken into account. If there is an 
enhancement of p–d hybridization, the intensity of the eg peak should increase. However, 
the measured spectra show a decrease in the eg peak intensity under applied pressure. 
From this result, we can safely conclude that p–d hybridization is not influenced by 
uniaxial pressure below 0.2 GPa. 
  
Figure 3-4. Schematic views of a TiO6 octahedron under ambient 
conditions (left) and under uniaxial pressure (right), showing its tilt and 
rotation under pressure. 
Finally, we briefly discuss a further splitting of the crystal-field levels. The uniaxial 
pressure causes a reduction of the Oh symmetry, which may cause a further splitting of 
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the pre-edge peaks. In our spectra, however, no such splitting was observed. This clearly 
implies that any deformation of the unit cell has no serious effect on the pre-edge peaks, 
at least under a uniaxial pressure of 0.2 GPa.  
From the observed result that the eg peak shows no change in intensity across Ta, it is 
clear that under uniaxial pressure, the Ti atom maintains its equilibrium position at the 
body center of an oxygen octahedron and that no dipole moment is induced. Therefore, 
we propose a model in which the TiO6 octahedron tilts and rotates under uniaxial 
pressure, accompanied by an isotropic shrinkage, without undergoing a ferroelectric 
transition. Instead, the pressure causes a softening of the Slater mode, accompanied by a 
ferroelectric transition. In the latter model, neighboring TiO6 octahedra rotate in 
opposite directions with shrinkage of the unit cell. If a local polarization moment 
appears in a unit cell due to deformation of the TiO6 octahedron, another local 
polarization moment appears in the opposite direction in a neighboring unit cell, 
resulting in short-range ferroelectric order.  
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3.2. Flexoelectricity Measurements on STO Using XAS 
and RXES  
3.2.1. Experimental Setup and Configuration 
An STO single crystal with dimensions 10 × 3 × 0.2 mm3 and a purity of 4 N was 
purchased from Crystal Base Co., Ltd. A schematic of the sample holder is shown in 
Figure 3-5(a), and an enlarged image of the layout of the pressing die showing the 
definition of the degree of curvature (θc) is depicted in Figure 3-5(b). The sample 
surface was inclined by 30° from the horizontal plane. Both ends of the sample were 
clamped, and a static stress was applied using a screw through a pressing die. The 
amount of rotation of the screw controls the degree of curvature of the sample (θc). The 
largest value of θc was estimated to be 1°.  
Ti K-edge XAS and Ti Kβ RXES measurements were performed on beamline 
BL39XU at SPring-8. The incident X-ray beam was monochromatized using a Si (111) 
double-crystal monochromator. Vertically polarized X-rays (parallel to the ac-plane) 
were obtained using a 0.1-mm-thick diamond X-ray phase retarder and were irradiated 
onto the sample. The Ti K-edge XAS were obtained in the bulk-sensitive fluorescence 
mode with a silicon drift detector. The Ti Kβ RXES spectra were obtained using a 
spherical curved Ge (331) analyzer crystal and the two-dimensional hybrid pixel array 
detector PILATUS. The sample holder was placed in a vacuum chamber to prevent 
X-ray scattering by air. All measurements were performed at room temperature. 
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Figure 3-5 Experimental setup for XAS and RXES measurements on an STO 
single crystal. (a) Schematic of the experimental holder and X-rays. (b) Layout of 
pressing die and definition of degree of curvature, θc. 
 
3.2.2. Angle Dependence of Ti K-edge XAS Measurements 
Electronic states are important for understanding the physical properties of STO 
under bending conditions, and XAS is one of several methods that can be used under 
such conditions. Figure 3-6 shows the Ti K-edge XAS of an STO single crystal for 
various values of θc (0°, 0.33°, 0.67°, 0.83°, and 1°). The spectra are normalized using 
absorption intensities averaged from 5.02 to 5.05 keV. The spectra can be divided into 
the pre-edge (inset [a] of Figure 3-6) and post-edge regions. The inset shows a 
magnified view of the pre-edge region for various θc. Here, we are particularly 
interested in the octahedral coordination of the oxygen atoms around the Ti atom. The 
pre-edge features are related to the Ti 3d states and contain information about the 
electronic configuration and the local symmetry around the Ti atoms. We observe three 
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features, labeled A, B, and C in Figure 3-6. Peak A is assigned to the 1s→3d (t2g) 
quadrupole transition, whereas peak B is assigned to the 1s→3d (eg) quadrupole 
transition, with both given by an electric quadrupole Hamiltonian with Oh symmetry. 
The energy separation between peaks A and B directly reflects the crystal-field splitting 
of the 3d orbitals. Figure 3-6 shows that peaks A and B do not appear to depend on θc. 
The relation between the XAS pre-edge peaks and the electronic polarization induced 
by external conditions has already been discussed by Nozawa et al. for STO [18] and by 
Itie et al. for BaTiO3 [58]. In particular, the enhancement of peak B relative to peak A 
can be explained by the induction of a local ferroelectric moment caused by the relative 
displacement of the Ti atom excited by external stimuli. From the results of our 
pre-edge XAS measurements, we observe no such enhancement under bending 
conditions. The absence of any change in the peak intensity means that a transition into 
the ferroelectric phase has not been induced by the bending of the STO. 
Next, we analyze the pre-edge peak C, main-edge peak D, and the post-edge feature 
E. Peak C essentially originates from the Ti 1s→3d dipole transition through Ti 3d — O 
2p hybridization. As θc increases, the intensity of peak C increases; however, the peak 
remains at the same energy. This can be attributed to an enhancement of the Ti 3d — O 
2p hybridization with increasing θc. The main absorption edge D, arising from the 
1s→4p dipole transition, shows no evident changes in either intensity or energy position. 
Therefore, we can conclude that the Ti valence number is unchanged, regardless of θc. 
In contrast to peak C, the post-edge feature E decreases in intensity with increasing θc. 
Generally, a reduction of crystal symmetry leads to a decrease in the XAS oscillation 
amplitude due to weakening of the interference by the photoexcited electron. This can 
be interpreted as indicating the existence of some degree of disorder in the local 
environment of a Ti atom, particularly in the Ti–O coordination. 
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Figure 3-6 (Color online) Normalized Ti K-edge XAS of an STO single 
crystal at different sample curvatures θc. The inset shows the details 
around the pre-edge region. Arrows indicate the direction of variation of 
the spectra, from θc = 0° to 1°. 
3.2.3. FEFF Simulation 
To extract detailed information from our spectra, real-space multiple-scattering 
calculations using the FEFF 8.40 code [59] were performed to elucidate the changes in 
the local environments of the Ti atoms due to crystal distortions and oxygen vacancies. 
Figure 3-7(a) compares the XAS spectra obtained for standard and distorted crystal 
structures. In the standard structure, STO exhibits cubic symmetry (space group Pm3m) 
with the lattice parameter a ( = b = c) 㸻 3.9050 Å. Crystal distortions are incorporated 
by changing the lattice parameter c, while fixing the lattice parameter b and the unit-cell 
volume, for tensile strains up to ∆c/c = 1.3%. As shown in Figure 3-7(a), the crystal 
distortion expected from bending has little effect on the spectrum, except for the 
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post-edge feature at 4.998 keV, which shows a slight reduction in intensity. This trend is 
consistent with the observed reduction of intensity of peak E in the experimental spectra 
shown in Figure 3-6.  
We also performed a calculation for an oxygen-vacancy model. Charged oxygen 
vacancies may be introduced during the growth and processing of oxide single crystals. 
Furthermore, it has been proposed that crystal distortion may contribute to the formation 
of oxygen vacancies [60]. Consequently, we assume that bending may also introduce 
oxygen vacancies into an STO crystal. Changes in local structure can also be attributed 
to various types of oxygen vacancies, with the electronic-configuration changes 
occurring on the scale of several atomic spacings. Here, we model the influence of 
nearest-neighbor oxygen vacancies (first coordination shell) by removing one oxygen 
atom from the TiO6 octahedron. The calculated XAS spectra for STO in the standard 
and oxygen-vacancy conditions are compared in Figure 3-7(b). In contrast to the effect 
of distortion, a clear enhancement appears in the pre-edge region of the spectrum due to 
an oxygen vacancy.  
Based on our simulations, we find that the effects of FxE in STO arise predominantly 
from two sources: crystal distortions and oxygen vacancies. The observed effects are 
likely to be a combination of both factors, as indicated by Figure 3-7(c), which shows 
the simulated XAS spectra for STO with curves representing the spectra for gradually 
varying conditions. To test this prediction, we implemented certain conditions in the 
XAS simulations. Initially, we fixed the total number of STO unit cells at 30. All unit 
cells have standard lattice parameters in the absence of bending stress. At the first stage 
of bending, we incorporate crystal distortion into the lattice by increasing ∆c/c. With 
further increase of the bending stress, oxygen vacancies gradually emerge, together with 
a continuing increase of ∆c/c. We naively modeled this condition by increasing the 
relative ratio of the number of oxygen-defect unit cells to the number of distorted unit 
cells within the fixed number of 30 unit cells. In Figure 3-7(c), the ratio of oxygen 
vacancies to crystal distortion increases from 1:29 to 4:26. Significantly, we observed 
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that the features of the pre- and post-edge peaks vary monotonically with increasing 
crystal distortion and increasing oxygen vacancies (as indicated by the arrows in )igure 
3-7[c]). Thus, the simulation satisfactorily reproduces the trends observed for the 
dependence of the experimental STO spectra on the bending angle. As the incorporation 
of crystal distortions and oxygen vacancies into the structure shows an effect that is 
essentially identical to the experimentally observed trends, we conclude that an 
appropriate combination of crystal distortions and oxygen vacancies is present in the 
experimental samples. 
It should be mentioned that the two factors, crystal distortions and oxygen vacancies, 
are correlated with each other. The bending stress induces a reduction of the local 
symmetry, which directly leads to anisotropic Ti-O bonding. The more the crystal is 
distorted, the more Ti-O bonding becomes anisotropic. Hence, oxygen vacancies are 
increasingly created by the bending stress. 
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Figure 3-7 Theoretical calculations of Ti K-edge XAS of STO for various 
structural models, performed with the FEFF 8.40 code. (a) Comparison 
between simulated spectra in standard and distorted conditions. (b) 
Comparison between simulated spectra in standard and oxygen-defect 
conditions. (c) Simulated XAS spectra of STO that combine the effects of 
crystal distortions and oxygen vacancies. The insets show curves 
representing spectra for gradually varying conditions. 
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3.2.2. Angle Dependence of Ti K䃑 RXES Measurements 
To test the conclusions extracted from the XAS spectra, we measured the Ti Kβ 
RXES spectra with special attention paid to the tiny charge-transfer (CT) excitation 
peaks that appear between the intense elastic peak and the Kβ2, 5 (Ti 3d + O 2p ė Ti 1s) 
transition. Figure 3-8 shows a magnified view of the two CT peaks, with a constant 
vertical offset for values of the degree of curvature θc varying from 0° to 1°. The photon 
excitation energy, which is equal to the elastic peak energy, was tuned to the main-edge 
jump D in the XAS spectrum. The transferred energy, i.e., the energy separation from 
the elastic peak, was chosen as the abscissa. As shown in Figure 3-8, two CT peaks are 
observed at 15 eV (CT1) and 7–8 eV (CT2). These peaks occur in both STO and 
BaTiO3 spectra, and their origin have been theoretically elucidated based on the TiO6 
cluster model. The most important conclusion is that the CT2 peak is directly related to 
the off-centering of the Ti atom in its oxygen octahedron. In brief, the CT2 peak is an 
appropriate fingerprint of the local polarization; while it is absent in a perfect cubic 
environment, its intensity increases and shifts toward the lower-energy-transfer side 
with increasing local polarization (either spontaneous or induced).  
Further analysis of Figure 3-8 shows that with increasing θc, the CT2 peak remains at 
a fixed energy but slightly decreases in intensity; i.e., the representative peak amplitudes 
are a0 ≥ a1 ≥ a2 ≥ a3 ≥ a4. The CT2 peak exists even in the cubic phase with no bending 
(θc = 0°), implying that a local permanent polarization is present in our original sample. 
Since the thin-plate sample was prepared by microcutting followed by long-term 
polishing, the local polarization exists due to oxygen anion defects. A reoxidation 
treatment was performed by the sample provider; however, we employed a 
surface-sensitive configuration for fluorescence X-ray detection (Figure 3-5), finding a 
negligible effect on the spectra. Nevertheless, we find that bending induced neither an 
additional enhancement of the local polarization nor the development of ferroelectric 
order. Instead, based on the discrete profile of CT2 at θc = 1°, we conclude that a 
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random distribution of local polarizations, with various orientations and magnitudes, 
exists in the sample, indicating the presence of oxygen defects introduced by the 
bending stress. According to the TiO6-cluster model results, the CT2 profile becomes 
more distinct if the crystal distortion becomes measurable due to bending. From the 
RXES results, we can also conclude that the oxygen defects may play a major role in 
the spectral changes due to bending; this is in accordance with the XAS results. 
 
Figure 3-8 Ti Kβ RXES spectra between the elastic and Kβ2,5 peaks, 
showing the dependence of the CT peaks on the degree of curvature, θc 
= 0°, 0.3°, 0.6°, 0.8°, and 1°, at room temperature. The excitation X-ray 
energy was 4.983 keV. 
Before summarizing this study, it is instructive to discuss recent reports concerning 
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the polarization induced at the surfaces or interfaces of thin films. In 2007, Woicik et al. 
reported ferroelectric distortion in STO thin films grown on Si (001) and concluded that 
the compressive biaxial strain achieved by coherent epitaxial growth is essential for this 
phenomenon [40]. Recently, a theoretical prediction also concluded that there are 
unavoidable surface contributions to the flexoelectric effect. Obviously, it is much easier 
to introduce a strain gradient in thin films rather than in a single crystal, and therefore 
we can expect an apparent crystal-distortion effect. A follow-up study with various 
types of thin films is underway.   
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3.3. X-ray Spectroscopic Evidence for Ferroelectricity 
in STO Thin Films 
3.3.1. Sample Preparation 
We purchased from the TOSHIMA Manufacturing Co., Ltd, 100-nm-thick STO thin 
films that had been deposited on various substrates (MgO, LaAlO3, SiO2, and glass) by 
the sputtering technique. They were prepared by annealing the as-deposited films at 
60q& to obtain high-quality crystal structures. We also bought from Kojundo Chemical 
Lab. Co., Ltd, standard powder samples of ATiO3 (where A = Ca, Sr, Ba, or Pd) as 
references.  
3.3.2. Detection by XRD and EXAFS 
Figure 3-9 shows the θ–2θ XRD scan patterns for STO films on MgO/LaAlO3 
(LAO)/SiO2/glass substrates. According to a previous report [38], there are no 
diffraction peaks in the XRD patterns of amorphous films, indicating the absence of 
crystallinity. However, our measurements show that the diffraction peaks of the STO 
thin films (Figure 3-9 shows only the film on a glass substrate) exhibit good agreement 
with those of standard STO powders.  
In the crystallized STO thin films, there is no evident preferential orientation, which 
is the same as for epitaxial thin films. The index of the above XRD patterns are 
determined and marked, which indicates that there is no detectable secondary phase 
emerging in the STO films. The inset of Figure 3-9 shows the comparative results of 
high-resolution XRD curves in the region from 2θ = 31.8° to 33.0° for STO films on 
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different substrates. The rank of lattice constants is SiO2 ӑMgO ˚ STO powders 
˚ LAO, and the glass substrate provides an amorphous surface without a definite 
lattice parameter. The (110) positions of the films on SiO2 and glass are similar to that 
of a standard STO powder. In contrast, the (110) diffraction angle of the STO film on 
LAO shifts to lower energy, while that of the STO film on MgO shifts to higher energy, 
suggesting the existence of compressive strain and tensile strain, respectively. 
Figure 3-10 shows the magnitudes of the Fourier Transforms of the k3-weighted 
EXAFS oscillation signals for the various STO thin films and standard powders plotted 
as functions of the radial distribution function relative to center Ti atom. The first 
coordination shell (which peaks at about 1.4 Å) and the second-neighbor shell (peaking 
at about 3.1 Å) are attributed to the Ti-O and Ti-Ti bonds, respectively, of the local 
structure in STO. As expected from the XRD results, patterns for the STO films and 
powders are nearly identical, confirming that the STO films indeed remain crystalline 
like the powders, retaining a long-range lattice structure. In contrast, for amorphous 
films, only the peak of the first coordination shell exists, indicating that the TiO6 
octahedra remain intact but without forming a periodic correlation. The decrease in 
intensity of the peaks for films relative to those for powders is just a consequence of the 
bond-length disorder caused by the off-center displacement of the Ti atoms. This means 
that the symmetry is indeed broken, as expected for a ferroelectric transition. To make a 
concrete verification of the local electronic structure distortions, resulting in the 
formation of a polar state, we need to measure and analyze the pre-edge regions of the 
XAFS.  
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Figure 3-9 XRD patterns of STO films on glass substrates and of 
standard STO powders. The inset displays an enlargement of the 
diffraction peaks in the 2θ interval 31.8°–33.0°, which shows the position 
and shape of the (110) peaks for different films. 
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Figure 3-10 Fourier Transform magnitudes for STO thin films on 
different substrates compared with that for a standard STO powder. 
3.3.3. Ti K-edge XAS Measurements for STO Thin Films 
Figure 3-11 presents the Ti K-edge XANES spectra, comparing the results for STO 
thin films on glass substrates and in powder form. In addition, we obtained for reference 
the corresponding spectra for CaTiO3, BaTiO3, and PbTiO3 powder samples at room 
temperature. The spectra are normalized by equalizing the edge jumps. Reviewed from 
the viewpoint of selection rules, these Ti K-edge XANES spectra have a strong 
relationship to the Ti 1s → 4p transition hybridized with Ti 3d and O 2p orbitals, and 
the density of the unoccupied Ti 4p states makes the main contribution to the feature. 
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The pre-edge features are related to the Ti 3d orbitals and contain information about the 
local electronic structure and the symmetry of coordination around the Ti atoms [61]. 
The transition of a 1s electron to a 3d orbital provides the electric quadrupole and dipole 
components in each of the displayed ATiO3 measurements. As shown in the STO spectra, 
the two peaks A and B are the quadrupole transitions of the Ti 1s electrons to the Ti 3d 
orbitals. The latter are attributed to the t2g (dxy, dyz, and dzx) and eg (d3z2−r2 and dx2−y2) 
unoccupied states, the difference of which are the results of the crystal-field splitting. 
Peak C is an electric dipole transition derived from the Ti 1s state 3d hybridized with 
the O 2p state. The eg peak can provide information about the distortion of the Ti atom 
position, with the peak intensity proportional to the mean square of the Ti off-center 
displacement. This results in a short apical Ti-O bond illustrating ferroelectricity. The 
K-edge XANES of the ATiO3 powder samples exhibit evident enhancements of the eg 
peak, from bottom to top in Figure 3-11, supporting this conclusion.  
The specific differences between the STO film and powder can be seen in insets (i) 
and (ii) of Figure 3-11. First, we find a remarkable enhancement of the eg peak for the 
STO film as compared with that for the powder sample. This change in the pre-edge 
peak intensity means that a local transition into a ferroelectric phase has been induced in 
the STO thin film. It is also noticeable that the intensity ratio of the t2g and eg peaks for 
the STO thin film is analogous to that for the BaTiO3 powder sample, validating the 
conclusion that the Ti atom is off-center. Conversely, the main absorption-edge peaks 
show no difference in either intensity or energy position, which suggests that the Ti 
retains its standard valence of Ti+4, in a d0 configuration, in the STO film. In contrast to 
feature B, feature D of the oscillations above the absorption edge decreases in intensity 
compared to the powder sample. This is due to the symmetry reduction caused by the 
weakening of interference by the photoexcited electron. Consequently, we conclude that 
structural distortions exist in the local arrangement of atoms around the Ti atoms, 
particularly in the Ti–O coordination (TiO6 octahedra). These characteristics of XAS are 
absent from the amorphous STO thin films. From the resemblance of its spectroscopic 
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characteristics to the powder sample, we find that the thin film shows good crystalline 
order, which is echoed in both the X-ray diffraction and EXAFS measurements. 
To understand the mismatch effect and local structural distortions among our four 
different types of thin films, we explored the spectral modifications of the Ti K edge 
XAS. Comparing the full spectra of STO thin films on different substrates, we can see 
no obvious signs of change; it is necessary to examine the enlarged parts of the pre-edge 
and main-edge regions, which are shown in Figure 3-12 and Figure 3-13, respectively, 
to see that the local atomic environments of the Ti atoms in STO are not much altered 
by different mismatch effects. From Figure 3-12, peaks B1 and B2 are assigned to the 
spectral components t2g and eg, respectively, and the separations of the two peaks vary 
with the STO films on different substrates. The t2g feature is clearer and sharper in films 
on LAO and MgO than it is for other substrates. In addition, the position of the t2g peak 
is associated with the grain size of the thin film, which is consistent with the 
above-mentioned results of our XRD measurements. Figure 3-13 shows that the STO 
thin films grown on LAO and MgO are also accompanied by an enhancement of the 
main absorption edge. This indicates that these changes are not only due to the 
off-center displacement of the Ti atoms but also that they are affected by lattice 
distortions induced by the mismatch effect. 
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Figure 3-11 Ti K-edge XAFS for the STO thin film and for bulk samples 
of STO, PbTiO3, BaTiO3, and CaTiO3. Inset (i) is a magnification of the 
pre-edge region of the STO thin film and powder. Inset (ii) is a 
magnification of the main-edge region. 
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Figure 3-12 Pre-edge region of STO films on different substrates.  
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Figure 3-13 Main-edge region of STO films on different substrates. 
3.3.4. FDMNES Calculation 
To investigate further the nature of the local structural distortions indicated by our 
spectra, we constructed a model using the FDMNES routine, which uses a real-space, 
X-ray-absorption, finite-difference calculation. To reproduce the experimental STO 
XANES features, we applied a self-consistent treatment of the ground and excited states, 
including quadrupole contributions and optional Hubbard corrections U, which are 
necessary to localize the corresponding states. The parameter settings correspond to 
different degrees of the TiO6 rotation (denoted by u = 0.25, 0.24, 0.23, and 0.22 in the 
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figure legend). The extent of the AFD rotation and the very tiny 0.01 Å Ti off-center 
displacement are treated as fixed parameters in the calculations. The model calculations 
assumed a radius r = 7.2 Å in real space for all the electrons, according to the symmetry 
requirements of the space group I4/mcm, which treats the impact of neighboring atoms 
on the electronic states separately. Figure 3-14 displays the simulated spectra 
corresponding to structural distortions of the STO films, given the presence of off-center 
Ti atoms, FE, and AFD TiO6 rotations, which are important for interpreting the slight 
differences in the XAS. The calculations show that both the first two peaks in the 
pre-edge structure and the main-peak features tend to strengthen in intensity with 
increasing degree of TiO6 distortion, for a fixed Ti displacement. Together with the 
experimental results, the calculations lead us to speculate that the STO thin films on 
both LAO and MgO substrates undergo increasing rotation, retarding the reduction of 
symmetry induced by the off-center Ti displacement. Therefore, the simulation results 
satisfactorily reproduce the trends observed for the experimental STO spectra on 
different substrates. We consider that the coexistence and competition between FE and 
AFD within the STO thin films provides the explanation for the FE and AFD effects, in 
agreement with the experimentally observed trends, especially for the samples including 
the mismatch effect [62, 63]. 
To associate the spectral variations we observed with the dependence on TiO6 rotation 
and off-center Ti positions found by FDMNES, we calculated the partial density of 
states (DOS) from the spectra in the vicinity of the Fermi level based on the above 
simulations [64, 65]. In panels (i) and (ii) of Figure 3-15, we show comparisons among 
the calculated DOS of Ti 3d and O 2p between 0 and 15 eV above the Fermi level. 
Peaks C1 and C2, corresponding to the transitions t2g and eg, have a strong relationship 
with the DOS of Ti 3d and O 2p. For the Ti 3d DOS contributions, peak C1, near 5.4 eV, 
shows a gradually increasing dependence on the degree of rotation, whereas peak C2, 
near 6.0 eV, exhibits the opposite trend. Moreover, the great similarity between the 
above DOS distributions can also be observed in the D1 and D2 features of the O 2p 
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DOS. We note that the unoccupied part of the DOS follows the same tendency as our 
observation of the pre-edge peak of the XANES spectra of STO thin films. This 
behavior supports the interpretation of these structures as being associated with the 
hybridization of the Ti 3d and O2p DOS.  
 
Figure 3-14 Self-consistent calculation of Ti K-edge XAFS for STO, 
given a constant Ti off-center displacement, together with various TiO6 
rotation structural models, performed using the FDMNES code. 
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Figure 3-15 Calculated partial phonon density of states for the Ti 3d 
state and the O 2p state. 
Before concluding, we briefly address other possible origins of the order parameter 
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for ferroelectric polarization in STO thin films. Flexoelectricity, as spontaneous 
polarization induced by a strain gradient, is likely to be introduced at an interface by the 
lattice mismatch between an STO thin film and the substrate. Our previous work has 
revealed the absence of the flexoelectric effect in STO single crystals caused by bending. 
Nonetheless, an STO thin film has the potential to be used to generate and modulate 
flexoelectricity, which may play a role in our samples [66]. Another candidate for 
spontaneous polarized order in our samples may be the decreasing grain sizes in STO 
thin films. From our XRD and EXAFS experimental results, we observed a granular 
structure of an STO thin film analogous to that of STO nanoparticles, which have been 
found to exhibit possible ferroelectricity at room temperature. For BaTiO3 nanoparticles, 
the crystal structure changes from tetragonal to cubic with reducing particle size. 
However, for the cubic STO nanoparticles, tetragonal distortion will occur and may 
contribute to the polar structural state [67].  
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4. Conclusion 
In the present research, we examined the origin of local ferroelectric order in a pure 
STO single crystal and in thin films caused by external pressure and structural 
deformations using the technique of X-ray spectroscopy with synchrotron radiation. The 
results can be summarized as follows:  
Local ferroelectric order induced by uniaxial pressure 
We performed X-ray absorption spectroscopic measurements under uniaxial pressure 
parallel to the b-axis at the Ti K-edge of an STO single crystal. Since the Ti 3d eg peak 
directly reflects the displacement of a Ti atom from the body-centered site of a TiO6 
octahedron, we expected to observe an enhancement of the eg peak across the 
ferroelectric phase transition.  
In contrast to our expectation, however, no enhancement was observed. At low 
temperatures, the pre-edge peaks show energy shifts due to uniaxial pressure, which was 
observed in measurements with Ehνparallel to both theb-axis and the (a + c)-axis. This 
indicates that the environment around a Ti atom retains its equivalence, at least between 
these two directions, under uniaxial pressure at low temperatures. Therefore, we 
proposed a model of tilt-and-rotation of a TiO6 octahedron as a mechanism to maintain 
the equivalence between the coordination environment along the in-plane and 
out-of-plane directions. In this model, ferroelectric order cannot exist because 
neighboring TiO6 octahedrons rotate in opposite directions. The tilt-and-rotation of a 
TiO6 octahedron can explain the fact that no evidence for a ferroelectric phase transition 
was observed in the Ti-K pre-edge XAS.  
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Local ferroelectric order induced by bending pressure 
We also measured the dependence of the Ti K-edge XAS and RXES spectra on the 
degree of curvature (θc) of an STO single crystal in order to investigate the local origin 
of FxE. Both the pre-edge quadrupole peaks in the XAS and the CT peaks in the RXES 
show little θc dependence, which clearly indicates no off-centering of the Ti atoms. In 
other words, bending does not induce a displacive-type ferroelectric transition. The 
FEFF simulations we carried out indicate that the FxE reported so far for STO can be 
caused by the combined effect of crystal distortion and oxygen vacancies. Local 
imperfections can thus be a major contribution to the dielectric anomaly in STO induced 
by bending. 
Local ferroelectric order induced in STO thin films 
We studied STO thin films grown on different substrates using both X-ray diffraction 
and Ti K-edge X-ray absorption spectroscopy. By analyzing the data from XRD and 
EXAFS, we found that sputtered STO thin films retain their crystallinity, like standard 
STO powders, which is totally different from amorphous and preferentially oriented 
films. The Ti K-edge spectra reveal a large enhancement of the eg peak, indicating the 
emergence of local polarization and lower symmetry. We also observed two minor 
changes in the spectra depending on the films: (1) an enhancement of the main 
absorption edge and (2) a clear separation between the eg and t2g peaks. Moreover, we 
observed these two effects for different films due to the effects of lattice mismatch. In 
comparing the XANES and the partial DOS of Ti 3d and O2p, including both Ti 
displacement and TiO6 octahedral rotation, our finite-difference simulations were in 
good agreement with experiment, and we showed that local FE order caused by the Ti 
off-centering and AFD order due to the TiO6 octahedra coexist in STO thin films. Our 
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results may inspire sputtered-STO applications in lead-free ferroelectric memory 
devices. 
To sum up the above conclusions, for the pure quantum paraelectric STO, the local 
ferroelectric order with the microscopic view was clarified from XAFS and RXES 
spectra. The STO single crystals both under uniaxial and bending pressure are shown to 
be substantially free of FE transformation in local region. On the contrary, the sputtered 
STO thin film is confirmed the character of local FE transition as the Ti off-center 
displacement is investigated as well as the AFD distortion. Consistent with the above 
findings, it is qualitatively clear that exploration of the intrinsic FE transition in STO 
single crystal using the external pressure is not easy to implement but in other structural 
patterns of STO such as thin films is feasible to achieve. We expect much more 
appropriated study can be access on STO to get ferroelectric properties in the near 
future. 
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